BACKGROUND: HES solutions provide a sterile, alternative colloidal fluid to albumin solutions and/or plasma in the management of patients who need plasma volume expansion. Solutions of HES are widely accepted internationally but are used only modestly in the United States, largely because of concerns over hemostasis.
S
olutions of HES provide a sterile, alternative colloidal fluid to albumin solutions and/or plasma for critically ill patients who need plasma volume expansion, [1] [2] [3] [4] [5] for patients who are undergoing therapeutic plasma exchange, [6] [7] [8] for use in priming solutions for cardiopulmonary bypass circuits, [9] [10] [11] and during postoperative care, including cardiac surgery. [12] [13] [14] [15] [16] HES is a complex polysaccharide that consists of glucose units, connected primarily by ␣-1 to ␣-4 glycosidic linkages with ␣-1 to ␣-6 linkages serving as branch points, to which hydroxyethyl groups are attached. A wide variety of HES molecules can be prepared from amylopectin by reaction with ethylene oxide under alkaline conditions to attach hydroxyethyl groups to carbon atoms C2, C3, and/ or C6. 17 The presence of hydroxyethyl groups retards hydrolysis of the starch molecules by plasma amylase, and as a result, HES circulates in the bloodstream following infusion longer than does underivatized starch, thus functioning as an osmotic plasma volume-expanding agent. The number of hydroxyethyl groups attached to each glucose unit within the starch polymers and their sites of attachment (i.e., C2:C6 ratio) greatly affect the metabolism and, consequently, the size of HES molecules circulating in the bloodstream, which, in turn, determines the biologic properties of different HES solutions.
Distinguished by differing molecular weight (MW) and the extent and pattern of hydroxyethylation, a wide variety of HES preparations are available internationally-each exhibiting relatively different properties that permit application in diverse clinical situations. 17 Only two major varieties of HES are available in the United States: hetastarch and pentastarch. The weight average MW of hetastarch-the higher MW variety-varies depending on the manufacturer, but it is approximately 450,000 to 670,000, with a number average MW of 71,000. The weight average MW is defined as the sum of the number of molecules at each MW times their mass divided by the total weight of the molecules, whereas the number average MW is the numerical average of the individual MWs present. 1 For hetastarch, the molar substitution is 0.7 (i.e., 70 molecules of hydroxyethyl moiety are present for every 100 glucose units contained in the HES), with some glucose units containing more than one hydroxyethyl moiety. Pentastarch has a lower MW than hetastarch (weight average MW = 264,000, number average MW = 63,000) and a lesser extent of hydroxyethylation (molar substitution = 0.45). Therefore, for a few hours following infusion, pentastarch exerts an acceptable plasma volume-expanding effect but has a much quicker terminal elimination from the blood than hetastarch and, consequently, exhibits fewer adverse effects, particularly abnormalities of hemostasis. 17, 20 Solutions of HES are widely accepted as albumin and plasma substitutes internationally but are used only modestly in the United States. Currently, hetastarch is the only HES preparation approved by the FDA for plasma volume expansion or replacement. Pentastarch is approved for use only during leukapheresis; however, it has been reported to be quite effective as a plasma and albumin substitute, 1 and internationally, HES solutions with properties similar to pentastarch are commonly used for plasma volume expansion. 17 Presumably, pentastarch is used "off-label" (without stated FDA approval) in the United States as a plasma and albumin substitute because of its advantages over hetastarch, particularly its more rapid terminal elimination from the bloodstream and lesser effects on hemostasis. 1, 17, 20 A major impediment to more widespread use of HES solutions in the United States is concern over hemostatic abnormalities 17, [21] [22] [23] [24] and clinical bleeding, [24] [25] [26] [27] [28] the latter occurring usually only with relatively large doses (>1.5 L). One preparation of hetastarch (Hespan, B. Braun McGaw, Irvine, CA) has been reported to alter hemostasis by decreasing the concentration of most clotting proteins via its expected effect of hemodilution secondary to plasma volume expansion, by lowering levels of vWF:Ag and, consequently, its associated FVIII molecules, by altering the structure of fibrin clots, and by modestly diminishing platelet (PLT) functions. 17, 24 Another preparation of hetastarch (Hextend, Abbott Laboratories, North Chicago, IL, and BioTime, Berkeley, CA) is formulated in a lactated electrolyte solution and, because of added calcium, is purported to exert fewer adverse hemostatic effects when used at recommended doses, 29 a presumption that needs more extensive study in patient trials before it will gain widespread acceptance. In preliminary studies, one preparation of pentastarch (Pentaspan, B. Braun McGaw) has been reported to be nearly devoid of effects on hemostasis-other than the transient slight decrease in clotting protein levels expected because of hemodilution. 20 However, more definitive comparative data of the hetastarch and pentastarch solutions available in the United States are limited, and the two preparations have not been investigated in a randomized, blinded, head-tohead study. Accordingly, we conducted such a study to provide data for physicians using HES solutions for plasma volume expansion-information that will be particularly useful if pentastarch gains FDA approval for this use.
MATERIALS AND METHODS

Experimental design
A randomized, blinded, two-arm trial was approved by The University of Iowa Human Studies Committee, and An identical dose of pentastarch, by weight, was given. Hextend was not approved by the FDA at the time that this study was conducted and was not evaluated. All subjects had a negative personal and family history for bleeding and had taken no medications, including aspirin, for at least 1 week prior to admission. Prestudy prothrombin times (PT), partial thromboplastin times (PTT), and bleeding times (BT) were normal. Subjects were admitted to the Clinical Research Center the day before the HES infusion for medical evaluation and baseline laboratory studies. An IV catheter was placed to ensure optimal access for accurate infusions and freeflowing blood sampling. Solutions of either hetastarch or pentastarch plus NaCl were infused over exactly 2 hours (i.e., from 0 to 2 h) via an infusion pump placed behind a curtain for blinding of subjects and laboratory staff. Blood samples for coagulation studies were drawn immediately before the HES infusion (0 h) and immediately afterward (2 hours) and subsequently at 24 hours and on Days 2, 3, 7, 14, 21, and 70 following initiation of the infusion. As noted in the text, additional samples were drawn at more frequent intervals for other tests such as blood counts.
Clotting and hemostasis assays
Blood samples were drawn before and at timed intervals after either hetastarch or pentastarch solutions were infused. The assays performed, their abbreviations, and their normal ranges are presented in Table 1 . [20] [21] [22] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Every assay listed was performed on blood samples obtained before HES infusions (0 h) and afterward at 2 and 24 hours and Days 21 and 70 postinfusion. In addition, selected assays were performed more frequently. For example, additional assays performed on Days 2, 3, 7, and 14 were PT, PTT, thrombin time (TT), fibrinogen, FVIII, von Willebrand antigen (vWA), ristocetin cofactor (RCoF) avtivity, and BT-the last only if BT or PLT function studies performed earlier were abnormal, not if earlier results were normal. In addition, PLT function studies (adhesion, aggregation, and clot retraction) were repeated on Days 2, 3 and 7 only if they were abnormal when studied at earlier times. Additional assays of fibrinolysis (urokinase-activated clot lysis time, ␣-2 antiplasmin, D-dimer, euglobulin fibrinolytic activity, tissue-type plasminogen activator, urokinase-type plasminogen activator, plasminogen activator inhibitor, and plasminogen) were performed on Days 2 and 3 if earlier test results were abnormal.
Statistical analysis
The primary objective of the study was to detect differences of Ն50 percent in results of clotting assays following infusion of hetastarch (Hespan) versus pentastarch (Pentaspan). For example, if a clotting protein fell by 30 percent from the baseline level following infusion of hetastarch, it was important to detect and demonstrate the significance of a lesser fall of either 15 percent or a greater fall of 45 percent following pentastarch infusion. Based on our earlier studies, [20] [21] [22] a sample size of 12 subjects per group was judged to provide an adequate number. All statistical analyses were performed with statistical software (Statistical Analysis System v. 6.06, SAS, Cary, NC). Results of the statistical tests were deemed significant if the two-tailed probability (p value) was Յ0.05.
RESULTS
Clinical response to HES infusions
Heart rate, respiratory rate, and systolic and diastolic blood pressures were measured immediately before and after the HES infusions and at 24 hours postinfusion. Vital signs were stable, and there were no clinically significant changes (deviations) from preinfusion values or differences between pentastarch and hetastarch groups. The maximum deviations from baseline (mean values) following pentastarch versus hetastarch, respectively, for heart rate were ‫6.2מ‬ versus 2.4 beats per minute, for respirations were ‫7.0מ‬ versus 0.4 breaths per minute, for systolic blood pressure were 2.4 versus ‫9.2מ‬ mmHg, and for diastolic blood pressure were ‫6.2מ‬ versus ‫1.7מ‬ mmHg. There were no significant differences between pentastarch and hetastarch groups in the number of adverse clinical events that might be attributed to HES, although more events were reported for hetastarch. Following pentastarch infusions, two subjects complained of headache. Following hetastarch, four subjects complained of headache, and three complained of urticaria.
Blood Hb was measured immediately before infusion (0 h), immediately following infusion, at 2, 2.5, 3, 4, 6, 8, 10, 12, and 24 hours after infusion, and on Days 2, 3, 5, 7, 9, 11, and 14 after infusion, and then weekly through Day 70. The maximum fall (% deviation from the value measured immediately before infusion [0 h]) for Hb values in subjects given pentastarch versus hetastarch, respectively, was ‫4.51מ‬ and ‫9.51מ‬ percent at 2 hours (immediately after infusion), with later values fairly rapidly increasing toward the baseline. Significant differences (p < 0.05) between groups in the percentage fall of Hb values from baseline were found at 8 hours ‫%3.6מ(‬ vs. ‫)%8.31מ‬ and 24 hours ‫%5.0מ(‬ vs. ‫)%1.6מ‬ after infusion for pentastarch versus hetastarch, respectively. The fall in Hb values during the first 3 days after infusion was ascribed to hemodilution, largely because of the plasma volumeexpanding effects of HES-rather than to blood drawn for laboratory testing-and changes of this magnitude in in- dividual clotting proteins measured during the first 3 days, likewise, were ascribed to effects of hemodilution. Accordingly, deviations from baseline values of a magnitude of greater than 16 percent likely are due to a mechanism, evoked by HES, that is independent of (not explained by) hemodilution alone.
21,22
Clotting times and hemostatic proteins
Compared with the preinfusion value, the PT significantly increased (p < 0.05) immediately following infusion but remained in the normal range, and no differences were detected between the pentastarch and hetastarch groups (Table 2) . Likewise, the PTT increased (p < 0.05) after infusion, but the effects were significantly greater for hetastarch (Table 2 and Fig. 1 ). The PTT was increased outside of the normal range for only hetastarch and remained prolonged for 2 days postinfusion, with hetastarch exerting a significantly greater (p < 0.05) effect than pentastarch up to 7 days postinfusion ( Table 2 and Fig. 1 ). The TT decreased (p < 0.05) immediately following infusion, with greater shortening in hetastarch versus pentastarch recipients (Table 2 and Fig. 2) . The shortened TT returned to normal within 1 day following pentastarch infusion, whereas it took 3 days to become normal following hetastarch infusion, with hetastarch values being significantly (p < 0.05) shorter than pentastarch for 14 days postinfusion (Table 2 and Fig. 2) .
Plasma fibrinogen levels fell (p < 0.05) modestly 24 hours after infusion, but there were no significant differences between pentastarch versus hetastarch recipients ( Table 2 ). The maximum fall from preinfusion fibrinogen values was 21 percent for pentastarch versus 23 percent for hetastarch immediately following infusion-a fall only slightly greater than the 16-percent fall expected for hemodilution. In contrast, the effects on FVIII, vWA, and RCoF activity greatly exceeded those ascribed simply to hemodilution (Table 3 and Figs. 3-5) . Following pentastarch infusion, FVIII activity fell 37 percent from the preinfusion value (p < 0.05), but recovered quickly and returned to baseline by Day 2 (Fig. 3) . In contrast, following hetastarch infusion, FVIII activity fell 47 percent from the preinfusion value (p < 0.05) and did not recover until between Days 7 and 14, with values significantly below (p < 0.05) those of pentastarch recipients until between Days 3 and 7 (Fig. 3) . Somewhat similar results were seen for vWA antigen (Fig. 4) and RCoF activity (Fig. 5 ), but the effects of both pentastarch and hetastarch were most pronounced on vWA (Table 3 and Fig. 4) . The maximum fall of vWA from the preinfusion value was 43 percent for pentastarch immediately following infusion and 64 percent for hetastarch 1 day after infusion. Values for vWA returned nearly to the baseline at 2 days after infusion for pentastarch, but took between 14 and 21 days following hetastarch, with hetastarch values being significantly lower (p < 0.05) than pentastarch for at least 7 days postinfusion (Table 3 and Fig. 4) . Interestingly, pentastarch exerted almost no affect on RCoF activity, as a measure of vWA function, in contrast to the marked and prolonged decrease in activity following hetastarch infusion (Table 3 and Fig. 5) .
Because of the known incorporation of HES molecules into polymerizing fibrin strands, 23 an effect reported to alter clot structure 23 and to shorten thrombin and reptilase clotting times and to accelerate clot lysis times, 22 several factors involved in fibrinogen and fibrinolysis were measured following pentastarch and hetastarch infusions (Table 4) . With only occasional exceptions, the results after infusion were either unchanged from preinfusion baseline values or were similar to changes expected due to hemodilution. Thus, there was no indication of abnormal fibrinogen or fibrin lytic activity evoked by either pentastarch or hetastarch infusions.
PLT counts and functions
There were no clinically significant changes in PLT counts following either pentastarch or hetastarch infusions (Table 5 ). Immediately following infusion, the PLT count fell from the preinfusion value by 13 percent in pentastarch and by 24 percent in hetastarch recipients, respectively, but this difference was not significant (p > 0.05), and at no time after infusion did the mean blood PLT count fall to less than 200 ‫ן‬ 10 9 per L for either group. The BT increased significantly (p < 0.05) following infusion of either pentastarch or hetastarch when preinfusion values were compared with those measured immediately following infusion ( Table  5 ). The maximum lengthening of the BT occurred at 2 hours, with an increase from the preinfusion value of 49 percent following pentastarch versus 59 percent for hetastarch. For hetastarch, the value exceeded the normal range, but there was no difference between groups. The BT quickly returned to normal by 1 day after infusion. Plt adhesion decreased significantly (p < 0.05) from the preinfusion value immediately following infusion in both pentastarch and hetastarch recipients (Table 5 ). The maximal decrease in adhesion from baseline was 25 percent following pentastarch versus 23 percent for hetastarch (p > 0.05)-values that were out of the normal range, but reverted to normal within 1 day after infusion. Clot retraction values remained within the normal range and did not differ between groups (Table 5 ), but interestingly, increased significantly (p < 0.05) immediately following infusion for both pentastarch (23% change from baseline) and hetastarch (20% change from baseline).
Plt aggregation appeared to be more adversely affected by hetastarch than pentastarch, but interpretation of aggregation curves is quite subjective and is difficult to quantitate. Because baseline PLT aggregation results were not completely normal in all subjects-despite normal PLT counts, normal BT, and normal results of all other hemostatic assays-only 12 pentastarch recipients and 10 hetastarch recipients were considered evaluable. Hetastarch decreased PLT aggregation in 100 percent of recipients immediately following infusion, with a correction in 50 percent of recipients within 1 day after infusion, and correction in 90 percent of recipients within 2 days (Table 5) . By comparison, pentastarch decreased after aggregation in only 58 percent of recipients immediately following infusion, with nearly one half of these abnormal results judged to differ only minimally from normal controls. Plt aggregation quickly returned to normal following pentastarch infusion; that is, only 10 percent of recipients exhibited decreased aggregation 1 day after infusion, and none were abnormal at 2 days. Nearly all decreased PLT aggregation responses in both of the HES groups were detected with epinephrine as the agonist; only occasionally were decreased responses detected with collagen or ADP as agonists.
DISCUSSION
We demonstrated several abnormalities of hemostasis laboratory assays following the infusion of HES solutions, hetastarch or pentastarch, into normal subjects at clinically relevant dosage. Many effects were significantly greater following hetastarch versus pentastarch infusions. However, it is unlikely that the hemostatic abnormalities produced at the dose infused would lead to clinical bleeding in patients without other concomitant clotting problems. 24 Immediately following infusion of either HES solution, individual clotting proteins and blood PLT counts fell by approximately 20 percent from the preinfusion values, an effect explained largely by expected plasma volume expansion with consequent hemodilution. 1, 21, 22, 24 An additional postinfusion fall in vWA plus its associated FVIII and RCoF activities was of much greater 17, 21, 24 The effects on vWA can be severe enough, particularly following hetastarch infusion, to mimic vWD. 17, 24, 27 The TT was shortened, consistent with incorporation of HES molecules into the polymerizing clot, 22, 23 but the results of several assays assessing fibrinogen and fibrinolysis were affected minimally, or not at all, following infusions of either hetastarch or pentastarch. Plt counts fell only slightly, but BT values were significantly prolonged to suggest a modest qualitative PLT defect. Prolonged BT values quickly reverted to normal and were actually out of the normal range in only hetastarch recipients. Hetastarch induced abnormal PLT aggregation in all subjects, but the clinical importance, if any, was questionable because defective aggregation was not seen with all agonists and results began to revert to normal within 1 day after infusion. Pentastarch exerted fewer effects on BT and PLT aggregation results than did hetastarch.
Solutions of HES have appeal as an alternative colloidal fluid to albumin solutions and plasma in the management of patients who need restoration, expansion, or replacement of plasma proteins. 1, 17 HES solutions are relatively inexpensive, pose no risk of transmitting donor infections that rarely follow blood component transfusions, require no pretransfusion compatibility considerations, and are readily available and stored without refrigeration. Hetastarch and pentastarch have nearly comparable plasma volume-expanding effects when given in similar dosage. 1, 17 However, a relatively small quantity of hetastarch will remain in the blood stream for weeks because of the number and the intramolecular position of hydroxyethyl groups-a situation not found with pentastarch because it contains fewer and more favorably placed hydroxyethyl groups. 1, [17] [18] [19] It is the prolonged circulation of these highly hydroxyethylated HES molecules-unfortunately, too few in number to exert meaningful plasma volume expansion-that likely cause the more pronounced adverse effects of hetastarch on hemostasis. [17] [18] [19] Therefore, it is reasonable to prefer pentastarch (relatively low MW and hydroxyethylation) over hetastarch (relatively high MW and hydroxyethylation) as a plasma volume-replacement or -expansion solution, providing that one always remains cognizant of the fact that formulations of either pentastarch or hetastarch that appear at first glance to have similar MW and molar substitution values may not actually be the same when the number and placement of hydroxyethyl groups within glucose molecules (i.e., C2:C6 ratio) are considered. 17, 19 This knowledge will be particularly relevant if pentastarch solutions gain approval from the FDA for use in plasma volume replacement and/or expansion. * There were no significant differences (p < 0.05) between groups for PLT counts, BTs, PLT adhesion, or clot retraction.
